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Introduction
Adherent cells interact with extracellular matrix (ECM) through focal adhesions (FAs), complex protein structures that link actin cytoskeleton to integrins. Through the cell-ECM interactions, cells exert forces onto the substrate that regulates ECM arrangement and adhesion structure; the resisting force of the substrate causes conformational changes of adhesion proteins that modify composition and morphology of adhesion assembly, and therefore, regulates cell migration and growth [1] . Many studies have shown that the integrin-cytoskeleton linkage is mechanosensitive and can both transmit and respond to mechanical forces between cytoskeleton and integrins [2] [3] [4] [5] [6] . However, how the forces are coupled to specific proteins in FA complex is unclear, because multiple cross-linking proteins participate in the mechanical linkage between actin cytoskeleton and integrin at the adhesion complex suggesting a complicated force map. In addition, changes of tension in linking proteins modulate their binding probability to other FA proteins and concurrently modify cytoskeleton structure, which further increases the complexity of force transmission at FAs.
The force-induced FA growth has been reported in various cell types [7] [8] [9] . Myosin-II mediated contractility is thought to be the major source of the internal force that influences the FA growth in resting cells [9] [10] [11] [12] . Activation of myosin-II driven contractility is via Rho target known as Rho-associated kinase (ROCK) [10, 11] . Tensional force from myosin II contraction can be transmitted to FAs through the actin cytoskeleton [3, 12] . Alternatively, external force can be applied to FAs by using pipette or ligand-coated beads bound to the cell surface, that causes the recruitment of FA proteins to adhesion sites [13, 14] .
Several cross-linking proteins in FA complex, including vinculin and talin, have shown tension-dependent conformational changes that affect their binding strength and adhesion development [3, 12, 15] . Stretching talin using magnetic tweezers increased its binding probability with vinculin, resulting in force dependent vinculin recruitment to FAs [15] . Application of mechanical force using fibronectin coated pipette or microbeads induced the recruitment and rearrangement of vinculin [13, 16] . It has been further shown that adhesion growth requires both force transmission by vinculin and vinculin recruitment, and that these two parameters are separately regulated [3] . Alpha-actinin is another important cross-linking protein in FA complex due to its role in binding actin cytoskeleton to the adhesions and binding the actin filaments. The recruitment of α-actinin has been observed at the early phase of adhesion formation, and α-actinin dynamics regulates FA growth via its interaction with other adhesion proteins, such as Zyxin [12, [17] [18] [19] . In tracheal smooth muscle tissue, incorporation of α-actinin into integrin complex was found to be necessary for tension development [20] . In non-muscle cells, depletion of α-actinin inhibits cell's sensation and adaptation to mechanical force from ECM, preventing adhesion maturation [21, 22] . These observations suggest that cytoskeletal linking proteins not only serve as mechanical linkers between actin filaments and integrin, but also participate in force transmission at adhesion sites to facilitate adhesion's growth.
Here, we simultaneously measured time-dependent changes in tension in α-actinin and the dynamics of FAs by co-expressing force sensitive FRET probes and fluorescence-tagged paxillin, thereby, establishing a direct link between tension in α-actinin and FA dynamics in live cells. We show that an increase in tension in α-actinin at the FAs coincides with the elongation of FAs or change in direction of the adhesion movement. The observed cytoskeletal tension is myosin-II dependent.
Materials and methods
Actinin-sstFRET construction sstFRET DNA plasmid was constructed as previously described [23, 24] . We genetically connected FRET acceptor Venus and donor Cerulean with a spectrin repeat domain as linker, named it sstFRET (spectrin repeat stretch sensitive FRET). To create actinin-sstFRET chimeric constructs, we subcloned α-actinin into pEYFP-C1 vector (Clontech, Mountain View, CA, USA) by replacing the original YFP gene, then inserted sstFRET between first and second spectrin repeat domains in α-actinin, amino acid position 300. The linker length is chosen to be equal to the Forster distance of this particular FRET pair, 5 nm for CFP/YFP, at which there is 50% energy transfer. We used a linker with length close to 5 nm so that any force induced distance variation between the FRET pair will lead to maximum FRET change, reflecting on the distance-FRET curve with steepest slope. The force probe has been carefully characterized previously, it has been shown that distribution of actinin-sstFRET is indistinguishable from actinin-GFP [24] . The specificity of actinin-sstFRET was characterized using a force free variant, actinin-C-sstFRET, showing that actinin-C-sstFRET is unable to sense the tension in α-actinin [24] . The construction of Paxillin-mApple has been described previously [25] .
Cell culture and transfection
MDCK cells (ATCC) were cultured on fibronectin coated coverslips in Dulbecco's Modified Eagle Medium containing 10% fetal bovine serum and 1% penicillin and streptomycin. The details of coating method have been described previously [26] . At $ 50-60% confluency, the cells were co-transfected with 0.4 mg plasmid of actinin-sstFRET and 0.2 mg plasmid of paxillin-mApple using transfection reagent Effectene (Qiagen, Valencia, CA), and were cultured for additional 24 h. For long-duration imaging, the coverslip was mounted in an environmental control chamber (INUB-ZILCSD-F1-LU, Tokai Hit CO., Ltd, Japan) maintained at 37 1C and 5% CO 2 .
Chemicals
Alexa Fluor 568 conjugated phalloidin was obtained from Invitrogen (Grand Island, NY). Rho-associated kinase (ROCK) inhibitor, Y27632, was purchased from CalBiocham (La Jolla, CA). Human fibronectin was obtained from BD Bioscience (Bedford, MA). Lysophosphatidic acid (LPA) was obtained from Santa Cruz Biotechnology (Santa Cruz, CA).
Live cell imaging
Fluorescence images were acquired using an inverted microscope (Axiovert 200M, Zeiss) with a 63 Â oil immersion objective and a Hamamatsu EM-CCD camera (ImagEM C9100-13, Hamamatsu, Japan). FRET images were obtained using two filter sets, CFP (Ex¼ 436/20, Em¼ 480/40) and YFP (Ex¼ 500/20, Em¼ 535/30), and paxillin-mApple images were captured by RFP filter set (Ex¼ 550/25, Em¼ 605/70). Time-lapse images from three channels were recorded using Zeiss software (AxioVision, Zeiss).
Image analysis and FRET ratio calculation
We used software (CellProfiler) to identify and Image-J (NIH) to analyze all growing FAs in the cells. Briefly, the RFP images were first filtered using spatial convolution method to eliminate the background and cytoplasmic fluorescence. The images were then processed using CellProfiler to identify FAs as primary objects in the image. In this process, typical diameter of FA was kept as 3-15 pixel units (0.75-3.75 μm) and the intensity threshold was determined referring to global intensity. Scattered fault objects or FA that showed no activity with time were deselected and the outline of the FA of interest was retained. The objects were then converted to a binary image to create a mask for the selected FAs. Since we are interested in the growing FAs, the last frame in the time sequence was processed first for FA identification. This image mask was then transferred to Image-J to define the outline of the FA for measuring size and stress variation. The size of a FA was calculated in two ways, the dimensions (surface area and length) or fluorescence intensity. Length of the focal adhesion was taken as the major axis of the ellipse fit of the selection outline. For a selection window containing multiple FAs, the fluorescence intensity was pixel averaged across the width and the averaged intensity was plotted along the window length.
The FRET efficiency was calculated as acceptor to donor ratio, where the donor signal was measured with donor excitation (CFP channel) and acceptor signal with acceptor excitation (YFP channel) following previously published methods [24] . The FRET signal is from the quenching of donor fluorescence that indicates the energy transfer and is inversely related to the tension in α-actinin. Since the molar ratio of CFP and YFP in the sensor is always 1:1, the ratio of these two channels faithfully reflects the FRET energy transfer, and is independent of concentration [24] . The YFP channel signal correlates only to the protein concentration (given the same excitation intensity). The images from CFP and YFP channels were processed using Image-J as described previously [24, 27] . Briefly, after subtracting the background, the images were aligned and the ratio of acceptor to donor intensity was calculated and displayed in a 16-color map. Red color illustrates a higher ratio, indicating a lower tension; blue color illustrates a lower ratio, a higher tension. Because the signals of donor and acceptor were obtained independently with the specified filter sets, there is no need for bleed-through correction during image processing [28] . To compare changes in FRET between two different probes, actinin-sstFRET and actinin-CsstFRET, time dependent FRET ratio was normalized with the ratio at time zero.
Results

Direct observation of tension in α-actinin using FRET probes
The change in tension across α-actinin was obtained in real time using actinin-sstFRET probes in MDCK cells. The sensor consists of the mutant GFP fluorophores -Cerulean (donor) and Venus (acceptor), linked by a spectrin repeat domain. The sensor cassette is inserted close to the middle of α-actinin (termed as actinin-sstFRET), as shown in Fig. 1a [23, 24, 28] . Resting sensor is set at higher FRET ratio; an increase in distance between fluorophores due to force causes a decrease in the FRET ratio (Fig. 1a) . The force probes have been carefully characterized previously so that the chimeric constructs behave as endogenous proteins and the labeling does not interfere with physiological functions [24] . As control, a force insensitive variant of FRET probe was made by attaching the linked fluorophore pair to the C-terminal of α-actinin, termed as actinin-C-sstFRET (Fig. 1b) . We have shown that actinin-C-sstFRET is insensitive to force changes in actinin [24] . By expressing FRET probes in MDCK cells and subsequently staining the actin with phalloidin, we have also shown that both actinin-sstFRET and actinin-C-sstFRET co-localize with F-actin in cells ( Fig. 1c and d ) [27] .
To visualize in situ tension in α-actinin and the formation and enlargement of FAs, we co-expressed actinin-sstFRET and paxillin-mApple in cells. Paxillin is present at the early stage of adhesion formation [18] . It has been shown that the paxillin is located in the bottom layer while α-actinin locates in the upper layer, the separation between the two is $ 40 nm [29] . Therefore, we do not expect cross energy transfer between FRET sensor and paxillin-mApple and the stress measurement should not be affected by co-expression. This is supported by control experiments (see Supplementary material, S1). As shown in Fig. 1e , α-actinin demonstrates two different morphologies: (1) elongated or spike shaped clusters that are co-localized with paxillin in protrusions or at the ends of stress fibers in inner region (yellow arrow heads in Fig. 1e ), and (2) small dots that are periodically distributed along the middle section of the stress fibers (red arrow heads in Fig. 1e ). The dot-like α-actinin functions as crosslinker of actin filaments, this is consistent with previous findings [30, 31] . Alpha-actinin co-localizing with paxillin is frequently observed at the basal region of the cells, indicating its location in the adhesion complex. This work is focused on α-actinin that localizes with FAs.
Using actinin-sstFRET we measured α-actinin density and tension along a window that includes several FAs at the cell protrusion edge (inset in Fig. 1f ). Higher tension (lower FRET ratio) associated with higher actinin concentration is observed at FAs compared to the surrounding areas (Fig. 1f) . The localized high tension in α-actinin was observed in 82% of analyzed FAs. This distinction is largely reduced in mature FAs in the middle of the cell where FAs are shown as long spikes. In contrast, the FRET ratio measured using actinin-C-sstFRET did not show sharp contrast between FAs and their surrounding regions (Fig. 1g) . These observations suggest that the FA-associated α-actinin at the cell protrusions is under tension in cultured cells.
FA growth is dynamically correlated to the increase in tension in α-actinin
To determine whether the increase in α-actinin tension coincides with α-actinin recruitment and FA growth during cell migration, we followed tension in α-actinin using actinin-sstFRET and size of FAs using paxillin-mApple in MDCK cells. The growing FAs in two regions were identified and analyzed, the protrusion region where nascent FAs form (box-1 in Fig. 2a ) and the inner region where FAs show inward growth (box-2 in Fig. 2a) . Typical dynamic correlations of tension in α-actinin and FA growth at protrusion and inner regions are shown in Fig. 2b, c and d, respectively. An increase in actinin stress (decrease in FRET ratio) occurs during the enlargement of FAs in both regions. This FA growth involves the recruitment of both α-actinin and paxillin. At the protrusion edge in Fig. 2b and c, the tension increases dramatically within several minutes preceding the apparent growth of the focal complex (Fig. 2c) , suggesting that α-actinin tension might provide the driving force for the FA growth. Moreover, the growth phase takes $10 min in the protrusion region, much shorter than that in the inner region of the cell. In the inner region, tension increases in α-actinin to a less extent and the change in tension coincides with the FA elongation (Fig. 2d) . The time dependence of α-actinin tension, correlated actinin accumulation and FA elongation for a selected FA (in box-2 in Fig. 2a) is shown in Fig. 2d (also see Supplementary material, S2). The tension reaches saturation at the end of FA growth that lasts approximately 10-20 min (Fig. 2d) . In this region, the clusters of α-actinin and paxillin are present before the start of observation and they have shown a continuous elongation towards the cell ) showing elongated clusters of α-actinin (YFP channel, green) co-localized with paxillin (red) at FAs (yellow arrow heads) and dot-shaped α-actinin distributed along the stress fibers (red arrow heads). (f) and (g) Actinin intensity (upper panels) and normalized FRET ratio (lower panels) along the selected windows measured in actinin-sstFRET (f) and actinin-C-sstFRET (g) respectively, showing that higher actinin stress (lower FRET ratio) is correlated with peak intensity in actinin-sstFRET (f). Scale bars represent 5 lm.
body (Fig. 2d, Supplementary material, S2 ). During 60 min of observation, both α-actinin and paxillin clusters show inward elongation up to 135-160% of their original length. The effect has been observed in repeated experiments. As control, cells were transfected with actinin-C-sstFRET. Fig. 2e shows the changes in FRET ratio and corresponding changes in FA configurations from an actinin-C-sstFRET expressing cell. Actinin-C-sstFRET expressing cells did not show such correlation. Note that the time dependent FRET ratio is normalized with the initial value so that the two probes can be directly compared. The statistical analysis was performed for growing FAs in protrusion region. The FRET ratio at the end of the growth (typically takes $ 15 min) normalized with the initial ratio is shown in Fig. 2f . A consistent increase in tension is shown in actinin-sstFRET (n ¼32 FAs from 20 cells) during this period, whereas random variation is shown in actinin-C-sstFRET (n¼ 11 FAs from 6 cells).
Detailed analysis of subsequent formation of FAs at the protrusion region shows an oscillatory distribution in tension in α-actinin along the protrusion direction and the tension peaks are co-localized with FAs. In Fig. 3a , FAs form subsequently in the 
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order of 1-3 as highlighted in the box as the cell protruded from right to left. Fluorescence intensity of paxillin and α-actinin, as well as tension in α-actinin (FRET ratio) were measured along the selected window in Fig. 3a at various times and are shown in Fig. 3b . The largest tension was consistently observed in the newly formed FA (lowest FRET ratio for the new FA-3, Fig. 3b ), while tension in α-actinin in the established FAs gradually reduced as the new FA appeared ahead along the protrusion direction (reduction of peak FRET ratio from peak 3 to 1 at 22.5 min, Fig. 3b ). This result indicates that in the protrusion area the highest tension in α-actinin is shown at the early stage of FA assembly. This observation is consistent with Fig. 2c .
The cell migration involves FA maturation at the leading edge and FA disassembly at the trailing edge of the cell. We also followed the tension in α-actinin and FA dynamics at the trailing edge of the cell. We observed a small reduction in α-actinin tension at early stage of FA disassembly in some regions and random tension variation in other regions (data not shown). One possible reason is that the large portion of FA associated α-actinin submerges with F-actin binding α-actinin during retraction, making it difficult to define the force in FA region. This result is consistent with previous reports [32] [33] [34] .
Change in FA growth direction is facilitated by forcedependent α-actinin translocation Interestingly, the change in direction of FA expansion is also facilitated by force-induced translocation of α-actinin clusters. We followed a transitioning FA and found that an increase in α-actinin tension was associated with diversion of α-actinin cluster from the original growth direction, leading to a change in FA orientation and subsequent growth in a different direction (Fig. 4) . The selected FA (indicated by arrow in Fig. 4a ) undergoes inward growth (towards positive y axis) for $15 min (images not shown), and then expands perpendicular to the original growth direction (Fig. 4b) . The history of the movement of α-actinin and paxillin shown in Fig. 4b is plotted in Fig. 4e. In Fig. 4 , the time zero was chosen right before the separation of the two proteins, so we can 2 7 ( 2 0 1 4 ) 5 7 -6 7 focus the analysis on the separation. Note that the change of growth direction is initiated with a displacement of α-actinin from FA location at time zero followed by paxillin relocalization (Fig. 4b) . A clear separation between the two proteins was seen at 5 min (Fig. 4b and e) . This displacement results in a reorientation of the FA growth from radial (along y-axis) to peripheral direction (along x-axis). Fig. 4c shows that α-actinin displacement coincides with the increase of tension in α-actinin, suggesting that the change of FA growth direction might be directed by the force coupled α-actinin bundle. Similar growth was observed in repeated experiments, the normalized FRET ratio and separation is shown in Fig. 4d (n ¼5 ) from three cells. There is no substantial recruitment of α-actinin to the adhesion cluster during this reorientation of growth. It has been proposed that FA growth involves myosin generated high tension on cell protrusion, inward expansion by myosin II pulling, initiation of new adhesion, and separation of lamellipodium actin from new adhesion site [9] . Our results further suggest that the FA growth direction can be changed if the direction of pulling force is altered. This could occur via the association of α-actinin with peripheral actin bundles.
Lysophosphatidic acid (LPA)-induced tension in α-actinin promotes FA growth
To examine the role of myosin-II mediated cytoskeletal tension in early phase of FA growth we modulated the cell tension using LPA that promotes cell contraction via activation of Rho-ROCK [35] [36] [37] . LPA (30 μM) was added at 10 min and a decrease in FRET ratio occurred immediately, reaching a minimum level at 20 min ($ 10 min post drug application) (Fig. 5) . This increase in tension in α-actinin leads to a drastic growth of FAs at protrusion edges. However, the FA growth started at $ 16 min (indicated by dashed lines in Fig. 5b) , showing a $ 5 min delay from the FRET change. The process is reversible and drug washout terminates the FA growth. We have tested eight cell cultures and the results are consistent. The statistics of the tension in α-actinin at FAs and α-actinin and paxillin intensities before and 30 min after 
LPA application was obtained from 18 FAs in eight cells and is shown in Fig. 5c . This data supports our argument that tension in α-actinin precedes the FA growth at protrusions. It also provides the evidence that FA growth is driven by myosin II mediated contractility, in agreement with previous model [9] .
Blockage of Rho-ROCK reversibly disassociates FAs
We further tested the effect of inhibition of myosin-II on cytoskeletal tension and FA disassembly and reassembly using the Rho-associated kinase (ROCK) inhibitor Y27632. Addition of 20 mM Y27632 causes disassembly of the FAs and associated actin bundles, and both FAs and actin bundles are reassembled and reorganized after washout of the inhibitor (Fig. 6a ). An example of FA disassembly is indicated by yellow arrows in Fig. 6c , and recovery is indicated by red arrows in Fig. 6d . We simultaneously measured the changes in tension in α-actinin using sstFRET during the disassembly and reassembly, and found that the drug reduced the average tension of the cell to a minimum level (highest FRET ratio). Following the washout, the cell returns to a higher tension state (lower FRET ratio); this is consistent with the idea that α-actinin cross-links actin and restores the cell homeostasis after the washout. In actinin-C-sstFRET expressing cells, application of drug alters FA assembly, although the FRET ratio remains unchanged. Fig. 6b shows the statistics of FRET ratio from actinin-sstFRET (n¼ 4) and actinin-C-sstFRET (n¼ 5). Similar level of tension is reached in all cells in the presence of inhibitor, although a large variation was shown in initial tension. This may be related to the different pre-stress states of individual cells, which we have shown in our previous studies [27] . Interestingly, α-actinin clusters diminish faster than paxillin during the application of drug, and reassemble faster in the recovery (Fig. 6c and d) , supporting the idea that attached F-actin bundles are required for FA assembly. This behavior is consistent over repeated experiments.
Discussion
Adherent cells migrate via formation and enlargement of focal adhesions, a process involving increase in cytoskeleton tension, polymerization of actin, and activation of associated plaque proteins. A growing body of evidence shows that FA formation and growth is a force-dependent process mediated by the crosslinking proteins at adhesion complex. Through their connection to cytoskeleton, the specific linking proteins could transmit mechanical force onto integrin or other adhesion proteins that modulate the adhesion assembly [13, [38] [39] [40] , enabling reorganization of focal adhesions [41] . This paper presents a direct observation of tension in α-actinin, an actin cross-linking protein, at adhesion complex. By simultaneously measuring the changes in tension in α-actinin and FA configuration, we have established a direct link between α-actinin tension and FA dynamics and show that an increase in tension in α-actinin precedes the initial growth or translocation of FAs in cell protrusion region. The activity of α-actinin is crucial for maturation of FAs at the leading edge of migrating cells due to their important role in binding actin cytoskeleton to the adhesions and binding the actin filaments. Our observations show that α-actinin participates in the force transmission process during FA growth, and this is accomplished by both changes in α-actinin tension and α-actinin recruitment (Fig. 2 ). An increase in tension precedes assembly of FAs in the protrusion region (Fig. 2b and c) ; similar changes in tension are also shown during the continuing growth of mature FAs (Fig. 2d) . The time-dependent recruitment of α-actinin and the initial adhesion elongation suggests that the recruitment of α-actinin to newly formed adhesions is also a crucial step for initial adhesion development (Fig. 2b-d) . Since the increase in tension in α-actinin at FAs precedes adhesion growth at protrusion edge and the increase in tension coincides with adhesion growth in the relative interior region (compared Fig. 2c and d) , we suggest that higher α-actinin tension is required for the recruitment of adhesion proteins (α-actinin and paxillin) to newly forming adhesions, while sustained tension is required for further expansion (Fig. 3) . A recent study has shown that α-actinin is responsible for transmitting force between integrin and actin; depletion of α-actinin impairs the force-dependent stress fiber formation and subsequent FA maturation [22] . Our results are consistent with this report. Interestingly, in this study it has been shown that traction force is enhanced in initial adhesions in α-actinin knock down cells, suggesting that α-actinin may compete with another cross-linking protein, talin, for binding in the FAs during the formation and maturation [22] . Since our FRET probes measure the forces in α-actinin directly, the observed increase in actinin tension since its participation and correlated α-actinin recruitment provides direct evidence that α-actinin becomes major player in force transmission during FA growth.
The mechanical force has been found necessary for assembly of focal adhesions during cell migration [17, 41] . Although an earlier report has shown that large contractile force can be exerted onto substrate in the absence of the cross-linked stress fibers, however, without stress fibers it is unable to stimulate the adhesion growth [41] . Thus, the local force without linkage of stress fibers to FAs is not sufficient; an effective force coupling to force sensitive adhesion proteins is required for the growth of FAs.
Interestingly, we have observed that the redirection of the adhesion expansion is initiated by the separation of α-actinin from the FA site and this process is associated with an increase in tension in α-actinin (Fig. 4) . Although paxillin has been observed as the first component of adhesion proteins that appears at adhesion sites [18] , α-actinin appears to be leading the expansion of a mature FA to a new direction (Fig. 4) . This result is consistent with the force driven FA dynamics model, where FA formation and growth is accomplished by myosin driven inward adhesion expansion, initiation of new adhesion, and separation of lamellipodium actin from new adhesion site [9] . Our results suggest that the force to the newly formed FA could be applied by α-actinin from stress fibers of different orientation, such as the peripheral actin bundles. Since we have only observed tension increase but not recruitment of α-actinin during the relocation of FA, we think the force transmission and the protein recruitment might be regulated separately, as in the case of vinculin [3] .
In resting cells, myosin-II mediated contraction force causes conformational changes of adhesion proteins, driving recruitment of adhesion proteins and adhesion growth [12, 42, 43] . Our study shows that induction of myosin II mediated force by LPA stimulates FA growth at cell protrusion (Fig. 5) . In contrast, inhibition of myosin activated force by Rho-ROCK inhibitor Y27632 results in a reversible disassembly of mature FAs and associated actin bundles (Fig. 6) . These results not only support our observation that the increase in tension in α-actinin precedes FA growth, but also support the involvement of myosin II activated contraction in the process.
In conclusion, we have directly observed the changes in tension in α-actinin and force-dependent focal adhesion assembly, disassembly, and relocation in MDCK cells. The results show that α-actinin participates in the formation and growth of FAs by transmitting mechanical force and being recruited to adhesions. These data offer the insights on force transduction mechanisms in the adhesion complex that regulate cell adhesion and migration.
